Introduction {#sec1-1744806917746564}
============

Neuropathic pain (NP) is a debilitating pain caused by peripheral nerve injury, such as traumatic injury, surgical intervention, diabetes, or infection.^[@bibr1-1744806917746564][@bibr2-1744806917746564]--[@bibr3-1744806917746564]^ Patients who suffer from NP are essentially intractable to currently available antinociceptive therapies because the underlying cellular and molecular mechanisms are unclear yet. NP can cause both central and peripheral sensitization. Central sensitization is primarily caused by the enhancement of excitatory transmission in nociception.

Glial cells are a major cell type within the central nervous system and consist of diverse cell types, including microglia and astrocyte. Under NP condition, they are highly activated and involved in the nerve injury-induced central sensitization and mechanical allodynia. Microglia is activated within 24 h after peripheral nerve damage, which is commonly associated with the early establishment of NP. Astrocyte is activated as late as three days following microglia activation. ^[@bibr4-1744806917746564][@bibr5-1744806917746564]--[@bibr6-1744806917746564]^

Tripterygium wilfordii Hook F. (TWHF) is a traditional Chinese herb. T10 is one of the major active components of TWHF and has potent anti-inflammatory and immunosuppressive properties for treatment of various diseases, such as rheumatoid arthritis, nephritic syndrome, lupus, Parkinson\'s disease, and Alzheimer\'s disease.^[@bibr7-1744806917746564][@bibr8-1744806917746564]--[@bibr9-1744806917746564]^ Recent studies have suggested that T10 can inhibit tumor necrosis factor-alpha, interleukin (IL)-1beta, and nitric oxide production in spinal microglia.^[@bibr10-1744806917746564],[@bibr11-1744806917746564]^ Our previous studies have demonstrated that T10 effectively relieves NP by inhibiting the activation of microglia and astrocyte in the spinal dorsal horn (SDH) after spinal cord injury.^[@bibr8-1744806917746564]^ T10 also inhibits the proliferation of reactive astrocyte and blocks the hypertrophy of astrocytic processes after spinal cord injury.^[@bibr8-1744806917746564]^ However, T10 has been investigated to have some side effects along with the increased dosage. Since the effect of T10 is mainly mediated by acting on the glia,^[@bibr8-1744806917746564]^ analgesic drugs that target on neurons may produce a synergistic effect with T10 and reduce its required dose.

MK-801, also named as dizocilpine, is a noncompetitive N-methyl-D-aspartate receptor (NMDAR) antagonist. Previous studies have indicated that MK-801 can block neuronal NMDAR-mediated glutamate toxicity during the induction phase of human optic neuritis and highlight a potential reagent for therapeutic neuroprotection.^[@bibr12-1744806917746564]^ However, other studies have reported that a large dose of MK-801 have unacceptable neurotoxic effects.^[@bibr13-1744806917746564]^

Synergistic, additive or antagonistic interactions can be observed when two analgesics are administered at the same time. When acting synergistically, lower doses of each drug can reach an equal or better analgesic effect, but with fewer overall side effects, than the individual compound.^[@bibr14-1744806917746564]^ Because both T10 and MK-801 are associated with an increased risk of side effects, combining the two at a lower dosage to produce a synergistic effect might be a better analgesic strategy. In the current study, by simultaneous intrathecal (*i.t*.) delivery of T10 and MK-801 at lower dosages in adult rats with spinal nerve ligation (SNL), we did observe a synergistic analgesic effect of the combined components with weak side effects. The analgesic effect may be mediated by the strong inhibition of spinal microcytic and astrocytic activity.

Methods {#sec2-1744806917746564}
=======

Experimental animals {#sec3-1744806917746564}
--------------------

Male Sprague-Dawley rats (220--250 g) were used in the present study and housed in cages that were maintained on a standard 12:12 h light/dark cycle. All experiments were conducted in accordance with approved experimental protocols of the Animal Use and Care Committee for Research and Education of the Fourth Military Medical University (Xi\'an, China). All efforts were made to minimize animal suffering and reduce the number of animals used.^[@bibr15-1744806917746564]^

The i.t. Implantation {#sec4-1744806917746564}
---------------------

Rats were implanted with a single *i.t*. catheter for drug delivery. Laminectomy was performed at the level of the thoracic vertebrae, under 7% chloral hydrate (0.4 ml/100 g, *i.p*.). A polyethylene (PE10) catheter was passed caudally from the T9 to the T12 level, and 2 cm of the free ending was left exposed in the upper thoracic region. After surgery, the animals were injected with 2% lidocaine (10 µl) through the *i.t*. catheter to ensure that the PE tubing was in the correct location. Only those rats showing complete paralysis of both hind limbs and the tail after the injection of lidocaine were used for the following experiments. Additionally, the position of the PE tubing in the *i.t*. space at the lumbar enlargement was visually verified by exposing the lumbar spinal cord at the end of experiment. Data from rats with incorrect PE tubing position were discarded from the study.

Spinal nerve ligation {#sec5-1744806917746564}
---------------------

L5 SNL was performed according to Kim and Chung.^[@bibr16-1744806917746564]^ Briefly, rats were anesthetized with 7% chloral hydrate (0.4 ml/100 g, *i.p*.). Then, the left L6 transverse process was carefully removed with a small rongeur to expose the L4 and L5 spinal nerves. The L5 spinal nerve was then carefully isolated and tightly ligated with 6-0 silk thread. The surgical procedures for the sham group were identical to those of the SNL group, except that the spinal nerves were not ligated. All rats were observed for any visual signs of motor deficits and for the general health and weight maintenance after operation.

The i.t. Administration of T10, MK-801, or their combination and experimental design {#sec6-1744806917746564}
------------------------------------------------------------------------------------

T10 was obtained from Fujian Academy of Medical Sciences (Fujian, China) and MK-801 was obtained from Sigma-Aldrich (St. Louis, MO, USA). They were dissolved and diluted with preservative-free normal saline solution for administration. Normal saline (0.9%) was used as the negative control. The doses for *i.t*. administration of T10 and MK-801 were 3, 10, or 30 µg/kg/day and 10, 30, or 90 µg/kg/day, respectively. In most of the cases, the volume of drug solution was 5 µl. However, the volume would be changed to 2.5 or 7.5 µl according to the indicated experimental requirement. In these cases, the total dosage of drugs will be changed.

The experimental procedures are shown in [Figure 1](#fig1-1744806917746564){ref-type="fig"}. A total of 272 animals were used in the study and randomly assigned to one of eight groups: (1) normal group, (2) sham saline group, (3) SNL saline group (a volume of 5--10 µl saline was injected), (4) SNL-T10 group (3, 10 or 30 µg/kg/daily), (5) SNL-MK-801 group (10, 30 or 90 µg/kg/daily), (6) SNL-T10/MK-801 group (1:1, 5 µl T10 + 5 µl MK-801), (7) SNL-T10/MK-801 group (1:3, 2.5 µl T10 + 7.5 µl ΜK-801), and (8) SNL-T10/MK-801 group (3:1, 7.5 µl T10 + 2.5 µl ΜK-801). Each group included 34 rats: 18 for behavioral testing (6 for low concentration, 6 for medium concentration, and 6 for high concentration), 8 for immunohistochemical staining (third day and seventh day), and eight for Western blot analysis (third day and seventh day). The T10 and MK-801 dosages, used singly and combined, for the immunohistochemical staining and Western blot analysis were the effective dose 50 (ED~50~) of each. Behavioral experiments were conducted by double-blinded technicians and occurred at a fixed time during testing days. The rats were always habituated to the testing room for 30 min before tests. At days 1, 3, 5, 7, 10, 14, 21, and 28, the paw withdrawal thresholds (PWTs) were tested using von Frey filaments. The rats used for immunohistochemical staining and Western blot analysis were sacrificed at day 3 or 7. Figure 1.Schematic diagram of the experimental design (a) and the structural formulas of the drugs (b and c). This figure depicted the behavioral tests that were conducted for each group, the time course of i.t. implantation, the time course of the lidocaine test and SNL, the duration time for drugs administration, and the structural formulas of T10 and MK-801. PWT: paw withdrawal threshold, SNL: spinal nerve ligation.

Nociceptive behavioral tests {#sec7-1744806917746564}
----------------------------

Rats were habituated to the testing environment for three days before baseline test and were then placed under inverted plastic boxes (30 × 30×50 cm) on an elevated mesh floor for 30 min before the threshold test was conducted to allow for habituation. Briefly, a logarithmic series of von Frey filaments (Stoelting, Kiel, WI, USA) was applied to the hind paw to determine the stimulus intensity threshold stiffness required to elicit a paw withdrawal response. The ipsilateral hind paw was pressed with one of a series of von Frey filaments with increasing stiffness (2, 4, 6, 8, 10, 15, and 26 g) applied to the plantar surface for 5 s for each filament. Rapid pulling back, biting, or shaking of the ipsilateral hind limb was taken as a positive sign of withdrawal responses. The interval between trials was at least 5 min. For each trial, the same hind limb was stimulated 10 times by a single von Frey filament before being stimulated by the next larger filament. The minimal value that resulted in at least six responses to 10 stimulations was recorded as the PWT.

Dose--effect curve and ED~50~ calculation {#sec8-1744806917746564}
-----------------------------------------

The dosages of *i.t*. T10, MK-801, and their combinations were transformed into logarithm doses, and the non-linear fit was calculated to build the dose-effect curve. Based upon the dose-effect curve, the ED~50~ value of each agent for analgesia was calculated.

Isobolographic analysis {#sec9-1744806917746564}
-----------------------

An isobolographic analysis was further performed to characterize the drug interactions according to the method originally described by Tallarida^[@bibr14-1744806917746564]^ and our previous reports.^[@bibr17-1744806917746564]^ Both drugs in this experiment achieved comparable levels of anti-nociception, such that ED~50~ values were used to obtain a theoretical dose-response curve for a fixed ratio combination of T10 and MK-801. We calculated a theoretical ED~50~ (ED~50~add) based upon the theoretical dose-response curve. Subsequently, an experimental dose-response curve was obtained by treating animals with one of the following combination doses: ED~50~add\*0.3, ED~50~add\*1 and ED~50~add\*3 in ratios of 1:1 for T10 and MK-801. According to this dose-response curve, the ED~50~ of combinations could be calculated and presented as the ED~50~comb. An ED~50~comb that was lower than the ED~50~add suggested a synergistic effect of these two agents.

Immunofluorescent histochemistry {#sec10-1744806917746564}
--------------------------------

Rats were deeply anesthetized with 7% chloral hydrate (0.4 ml/100 g, *i.p*.) and then transcardially perfused with 100 ml of 0.05 M phosphate-buffered saline (PBS, pH 7.2-7.4), followed by 500 ml of 4% (w/v) paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The L5 spinal cord segment was removed and subsequently immersed in 30% sucrose (w/v) in 0.1 M PB overnight at 4℃. Then, transverse spinal sections (25 µm thickness) were cut on a cryostat (Leica CM1800; Heidelberg, Germany) and processed for immunohistochemistry. For immunofluorescence histochemical staining, the sections were incubated overnight at 4℃ with goat anti-ionized calcium-binding adaptor molecule 1 (Iba1, a marker of microglia, 1:800; ab5067; Abcam, Cambridge, MA, USA) in PBS containing 0.3% (v/v) Triton X-100, 0.25% (w/v) λ-carrageenan, and 5% (v/v) donkey serum (PBS-XCD). After being washed three times in 0.05M PBS (10 min each), all sections were then incubated for 4 h at room temperature with 10 µg/ml of Alexa488-conjugated donkey anti-goat IgG antibody (1:500; Invitrogen, Carlsbad, CA, USA).

For double immunofluorescence histochemical staining, the sections were incubated with a mixture of mouse monoclonal anti-glial fibrillary acidic protein (GFAP, a marker of astrocytes) IgG (1:4000; Chemicon, Temecula, CA, USA), rabbit polyclonal anti-phospho-signal transducer and activator of transcription 3 (pSTAT3) IgG (1:300; Cell Signaling, Danvers, MA, USA) overnight at 4℃. Then, all of the above sections were treated with a mixture of biotin-conjugated donkey anti-rabbit IgG antibody (1:500; Jackson Immuno-Research, PA, USA) for 6 h at room temperature. Finally, the sections were then treated by a mixture of 10 µg/ml Alexa488-conjugated donkey antibody to mouse IgG (1:500; Invitrogen, Carlsbad, CA, USA) and Alexa594-conjugated streptavidin (1:500; Jackson Immuno-Research, West Grove, PA, USA). The sections were observed under a confocal laser scanning microscope (FV1000; Olympus, Tokyo, Japan) with the appropriate laser beams and filter settings for Alexa488 (excitation, 488 nm; emission, 510-530 nm) and Alexa594 (excitation, 543 nm; emission, 590--615 nm).

Western blot analysis {#sec11-1744806917746564}
---------------------

Rats were deeply anesthetized by injection with 7% chloral hydrate (0.4 ml/100 g, *i.p*.) and then rapidly sacrificed. The L5 spinal cord segments were dissected on ice. Then, the left dorsal portion of the spinal cord was split and homogenized with a hand-held pestle in sodium dodecyl sulfate (SDS) sample buffer (10 ml/mg tissue) that contained a mixture of protease and phosphatase inhibitors (Sigma-Aldrich). The protein concentrations were estimated using the bicinchoninic acid method. The samples were heated in boiling water for 5 min, loaded onto 10% SDS polyacrylamide gels (Bio-Rad Laboratories, CA, USA), and transferred to polyvinylidenedifluoride membranes (Immobilon-P, Millipore, Billerica, MA, USA). Membranes were blocked in a 5% bovine serum albumin solution for 2 h and probed with the following primary antibodies overnight at 4℃: mouse monoclonal anti-GFAP IgG (1:4000; Chemicon, Temecula, CA, USA), rabbit polyclonal anti-pSTAT3 IgG (1:300; Cell Signaling, MA, USA), goat polyclonal anti-Iba-1 (1:800; ab5067; Abcam) and mouse monoclonal anti-β-actin IgG (1:3000, Sigma-Aldrich). The membranes were then incubated with the following secondary antibodies for 2 h: HRP-conjugated anti-rabbit donkey IgG (1:5000; Zhongshan, Beijing, China), HRP-conjugated anti-goat donkey IgG (1:5000; Zhongshan, Beijing, China) and HRP-conjugated anti-mouse donkey IgG (1:5000; Zhongshan, Beijing, China). The membranes were rinsed three times (10 min each) with Tris-buffered saline with Tween-20 between each step. All reactions were detected by the enhanced chemiluminescence detection method (Amersham). Protein blot densities were analyzed using Labworks Software (Ultra-Violet Products, UK). The densities of target proteins and β-actin immunoreactive bands were quantified with background subtraction. The same sized square was drawn around each band to measure the density and the background near that band was subtracted. Target protein levels were normalized against β-actin levels and are expressed as relative fold changes compared with the sham-Veh group. Technicians who were blind to the different treatments quantified the intensity of blots with densitometry.

Statistical analyses {#sec12-1744806917746564}
--------------------

All data were collected and analyzed by researchers who were blinded to the surgery and reagents that were used. One- or two-way analysis of variance (ANOVA) followed by Bonferroni\'s *post hoc* test was used for multiple comparisons. Data from the Western blot were analyzed using a one-way ANOVA followed by the Newman--Keuls test for post hoc analysis. Pearson correlation analysis was used to identify correlations between the analgesic effect of T10 and the expressions of the related proteins. All data are presented as the mean ± SEM and all statistical analyses were performed using SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA). A *P* value of \<0.05 was considered significant.

Results {#sec13-1744806917746564}
=======

Effects of i.t. alone administration of T10 or MK-801 on SNL-induced mechanical allodynia {#sec14-1744806917746564}
-----------------------------------------------------------------------------------------

Consistent with previous studies,^[@bibr8-1744806917746564],[@bibr17-1744806917746564],[@bibr18-1744806917746564]^ SNL produces rapid and persistent mechanical allodynia as evidenced by significant decreases in ipsilateral PWTs, indicating successfully induced chronic NP by SNL.

In the present study, the PWTs of the ipsilateral hind limb decreased significantly at post-operational day (POD) 1 and remained decreased until POD 7 ([Figure 2(a)](#fig2-1744806917746564){ref-type="fig"}). When compared with the SNL saline group, *i.t*. administration of 5 µl of 10 and 30 µg/kg doses of T10 significantly elevated the threshold value of mechanical allodynia (*P* \< 0.05), although a low dose of T10 (3 µg/kg) could not reverse the mechanical allodynia (*P* \> 0.05) ([Figure 2(a)](#fig2-1744806917746564){ref-type="fig"}). Based on the summarized values of area under curves (AUCs) and PWTs, the analgesia of *i.t*. T10 presented a significant group difference among the three dose regimes with a dose-dependent manner ([Figure 2(b) and (c)](#fig2-1744806917746564){ref-type="fig"}; *P* \< 0.05). The effects of different doses of *i.t*. T10 on the PWTs were then calculated as log (dose) versus response curve ([Figure 2(d)](#fig2-1744806917746564){ref-type="fig"}), from which the ED~50~ of *i.t*. T10 analgesia was calculated as 10.37 µg/kg. Figure 2.T10 dose dependently inhibited SNL-induced mechanical allodynia of the ipsilateral hind paw. (a) The analgesia effects of different doses of *i.t*. T10. (b) The AUCs for the different groups were calculated for statistical analysis. (c--d) The dose-effect and log (dose)-effect curves for the analgesic effects in attenuating SNL-induced mechanical allodynia after *i.t*. saline and T10, respectively. ⋆*P* \< 0.001, SNL saline group versus sham saline group; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, SNL-T10 groups versus SNL saline group; ^\#^*P* \< 0.05, SNL-T10 (10 µg/kg) versus SNL-T10 (3 µg/kg) group; ♦♦♦*P* \< 0.001, SNL-T10 (30 µg/kg) versus SNL-T10 (10 µg/kg) group; ★★★*P* \< 0.001, SNL-T10 (30 µg/kg) versus SNL-T10 (3 µg/kg) group. AUC: area under curve; SNL: spinal nerve ligation; ED~50~: effective dose 50.

When compared with the SNL saline group, *i.t*. administration of MK-801 (5 µl of 3, 10, and 30 µg/kg) all significantly elevated the PWTs ([Figure 3(a)](#fig3-1744806917746564){ref-type="fig"}; *P* \< 0.05). Based on the values of AUCs and PWTs, the analgesic effects of *i.t*. MK-801 treatment presented a significant group difference among the three dose regimes with a dose-dependent manner ([Figure 3(b) and (c)](#fig3-1744806917746564){ref-type="fig"}). The effects of different doses of *i.t*. MK-801 on the PWTs were then calculated as log (dose) versus response curve ([Figure 3(d)](#fig3-1744806917746564){ref-type="fig"}), from which the ED~50~ of *i.t*. MK-801 analgesia was calculated as 31.52 µg/kg. Figure 3.MK-801 dose dependently inhibited SNL-induced mechanical allodynia of the ipsilateral hind paw. (a) The analgesia effects of different doses of *i.t*. MK-801. (b) The AUCs for the different groups were calculated to perform a statistical analysis. (c--d) The dose-effect and log (dose)-effect curves for the analgesic effects in attenuating SNL-induced mechanical allodynia after *i.t*. saline and MK-801, respectively. ⋆*P* \< 0.001, SNL saline group versus sham saline group; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, SNL-MK-801 groups versus SNL saline group; ^\#\#^*P* \< 0.01, SNL-MK-801 (30 µg/kg) versus SNL-MK-801 (10 µg/kg) group; ♦*P* \< 0.05, SNL-MK-801 (90 µg/kg) versus SNL-MK-801 (30 µg/kg) group; ★★★*P* \< 0.001, SNL-MK-801 (90 µg/kg) versus SNL-MK-801 (10 µg/kg) group. AUC: area under curve; SNL: spinal nerve ligation; ED~50~: effective dose 50.

Taken together, these results demonstrate that *i.t*. administration of T10 at 10 and 30 µg/kg or MK-801 at 3, 10, and 30 µg/kg has analgesic effects.

Effects of i.t. administration of T10 and MK-801 on SNL-induced mechanical allodynia {#sec15-1744806917746564}
------------------------------------------------------------------------------------

Due to the different analgesic profiles of *i.t*. T10 and MK-801 administration, interaction parameters were calculated based on the antinociceptive effects. The middle dose-response curves of both compounds were linear. Thus, a composite additive curve was constructed ([Figure 4(a) to (c)](#fig4-1744806917746564){ref-type="fig"}). Additive regression allowed us to calculate the theoretical ED~50~ (ED~50~add) for a fixed ratio (1:1) of T10 and MK-801 (ED~50~add = 5.19 µg/kg T10 + 15.76 µg/kg MK-801). To investigate the experimental ED~50~ (ED~50~comb) of the combined T10 and MK-801, the experimental dose-response curves were obtained by treating animals with one of the following combination doses: ED~50~add×0.3 (3.47 µg/kg T10 + 10.51 µg/kg MK-801), ED~50~add×1 (10.37 µg/kg T10 + 31.52 µg/kg MK-801), or ED~50~add×3 (31.11 µg/kg T10 + 94.56 µg/kg MK-801) in ratio of 1:1 for T10 and MK-801. Based on the different combination doses, different ratio of the volume (ν/ν) of T10 and MK801 (T/M = 1:3, 2.5 µl T10 + 7.5 µl MK-801, T/M = 1:1, 5 µl T10 + 5 µl MK-801 or T/M = 3:1, 7.5 µl T10 + 2.5 µl MK-801) was also applied ([Figure 4(a) to (c)](#fig4-1744806917746564){ref-type="fig"}). Figure 4.Combination treatment of T10 or MK-801 with different ratios. (a, b, and c) The analgesia effect of different volumes of *i.t*. T10 or MK-801 with different dose ratios. (a′, b′, and c′) The AUCs for different groups were calculated to perform statistical analysis. (a′′, b′′, and c′′) The dose-effect and log (dose)-effect curves for the analgesic effects in attenuating SNL-induced mechanical allodynia after *i.t*. saline, T10 and/or MK-801. (a′′′, b′′′, and c′′′) The iosobolograms for the combination analgesia. ⋆*P* \< 0.001, SNL saline group versus sham saline group; \**P* \< 0.05, \*\**P* \< 0.01, SNL-T+M groups versus SNL saline group; ^\#^*P* \< 0.05, SNL-T (10 µg/kg)+M (30 µg/kg) groups versus SNL-T (3 µg/kg)+M (10 µg/kg) groups; ♦♦*P* \< 0.01 and ♦♦♦*P* \< 0.001, SNL-T (30 µg/kg)+M (90 µg/kg) groups versus SNL-T (10 µg/kg)+M (30 µg/kg) groups; ★★★*P* \< 0.001, SNL-T (30 µg/kg)+M (90 µg/kg) groups versus SNL-T (3 µg/kg)+M (10 µg/kg) groups. AUC: area under curve; SNL: spinal nerve ligation; ED~50~: effective dose 50.

The *i.t*. T10 and MK-801 combination significantly elevated the PWTs in a dose-dependent manner ([Figure 4(a) to (c)](#fig4-1744806917746564){ref-type="fig"}; *P* \< 0.01). As summarized by the AUC values of the PWTs, the analgesic effects of the *i.t*. T10 and MK-801 combinations presented a significant group difference among the three dose regimes ([Figure 4](#fig4-1744806917746564){ref-type="fig"}(a′) to (c′); *P* \< 0.01). The experimental ED~50~ of T10 and MK801 that were calculated from these dose-response curves were shown in [Figure 4](#fig4-1744806917746564){ref-type="fig"}(a′′) to (c′′). Isobolographic analysis of the combined T10 and MK-801 effect during the nociceptive test showed that the ED~50~comb were 2.23 µg/kg T10 + 7.04 µg/kg MK-801 (T/M = 1:3), 4.04 µg/kg T10 + 10.21 µg/kg MK-801 (T/M = 1:1), and 4.35 µg/kg T10 + 11.82 µg/kg MK-801 (T/M = 3:1) ([Figure 4](#fig4-1744806917746564){ref-type="fig"}(a′′′) to (c′′′)). With 1:3 T/M ratio, the ED~50~comb was lower than the lower (95%) range of ED~50~add, suggesting that the interaction between the two drugs was synergistic ([Figure 4](#fig4-1744806917746564){ref-type="fig"}(a′′′)).

These results revealed that the 1:3 ratio of T10 and MK-801 synergistic analgesia enhanced analgesic intensity with significantly reduced doses of T10 and MK-801.

Effective drug duration of i.t. T10, MK-801 or their combination on SNL-induced mechanical allodynia after drug withdrawal {#sec16-1744806917746564}
--------------------------------------------------------------------------------------------------------------------------

To determine the long-term effect after drug withdrawal, we continually to observe the possible analgesia effect for another three weeks after injecting drugs for one week (from POD 1 to POD 7). After drug withdrawal, the PWTs in the combination drug administration groups ([Figure 5(b)](#fig5-1744806917746564){ref-type="fig"}) were significantly higher than those in the single drug administration groups ([Figure 5(a)](#fig5-1744806917746564){ref-type="fig"}) and saline administration group. As summarized by the AUC values of the PWTs, the analgesic effects of *i.t*. T10 (10 µg/kg) and MK-801 (30 µg/kg) treatments have no significant difference, while the combination groups all greatly increase the AUC ([Figure 5(c) and (d)](#fig5-1744806917746564){ref-type="fig"}). Among the combination groups, the anti-nociceptive effect with the ratio = 3:1 of MK-801 and T10 was more pronounced than the ratio was 1:1 and 1:3 ([Figure 5(d)](#fig5-1744806917746564){ref-type="fig"}). Figure 5.Repeated administration of T10, MK-801, or their combination reversed SNL-induced mechanical allodynia. (a--b) The continual analgesia duration of *i.t*. administration of T10, MK-801 or their combination after terminating drug treatment. (c--d) The AUCs for the different groups were calculated to perform statistical analyses. ⋆*P* \< 0.001, SNL saline group versus sham saline group; \**P* \< 0.05 and \*\**P* \< 0.01, SNL-T10 group versus SNL saline group; ^\#^*P* \< 0.05, SNL-MK-801 group versus SNL saline group; ★★★*P* \< 0.001, SNL-T/M (1/3) group versus SNL saline group; ♦*P* \< 0.05 and ♦♦♦*P* \< 0.001, SNL-T/M (1/1) group versus SNL saline group; ^&^*P* \< 0.05 and ^&&&^*P* \< 0.001, SNL-T/M (3/1) group versus SNL saline group; ▾▾*P* \< 0.01, SNL-T/M (1/3) group versus SNL-T/M (3/1) group and SNL-T/M (1/1) group, respectively. AUC: area under curve; SNL: spinal nerve ligation.

Effect of i.t. administration of T10, MK-801, or their combination on SNL-induced glial activation {#sec17-1744806917746564}
--------------------------------------------------------------------------------------------------

Our previous studies have suggested that microglia and astrocytic activation was involved in the development and maintenance of chronic pain. Thus, we questioned whether microglial or astrocytic inhibition contributed to synergistic analgesia following the co-administration of T10 and MK-801. To test this hypothesis, we used ionized calcium-binding adapter molecule 1 (Iba-1, a marker of microglia) to detect microglial activation on POD3 and GFAP (a marker of astrocytes) to observe astrocyte activation on POD 3, 7, 14, and 21.

In our present study, the results of immunofluorescence histochemistry for Iba-1 and Western blot on POD3 showed that SNL evoked significant microglial activation ([Figure 6](#fig6-1744806917746564){ref-type="fig"}(A: c and c′)) and that the combination of T10 and MK-801 significantly inhibited the expression and activation of Iba-1 in the ipsilateral SDH ([Figure 6](#fig6-1744806917746564){ref-type="fig"}(A: f, f′, g, g′, h, and h′), (B), and (C)) (^\#\#^*P* \< 0.01). In addition, T10 and MK-801 administration alone could down-regulate the expression of Iba-1 when compared with the SNL saline group ([Figure 6(B) and (C)](#fig6-1744806917746564){ref-type="fig"}; \**P* \< 0.05). When compared with the single medication group, the drug combination had stronger inhibition on the Iba-1 expression ([Figure 6(B) and (C)](#fig6-1744806917746564){ref-type="fig"}; \*\**P* \< 0.01). There was no significant difference among the intervention groups when comparing the SNL-T10 and SNL-MK-801 groups. However, among the combination groups, Iba-1 expression was significantly reduced when the ratio of T10 and MK-801 was 1:3 ([Figure 6(B) and (C)](#fig6-1744806917746564){ref-type="fig"}; ^&^*P* \< 0.05). Figure 6.Administration of T10, MK-801, or their combination on SNL-induced microglial activation. Immunofluorescent results showed that SNL induced up-regulation of Iba-1 in the ipsilateral SDH (A; c and c′). Administration of individual or concomitant drugs down-regulated Iba-1 expression in the ipsilateral SDH on day 3 (d--h and d′-h′ ). The rectangle areas in a--h are enlarged in a′-h′, respectively. (B) Western blot of Iba-1 expression at day 3 in groups with saline or drug treatment. (C) The relative optic densities of Iba-1 shown in (B). ^\#\#^*P* \< 0.001, SNL saline group versus sham saline or normal group; \**P* \< 0.05, \*\**P* \< 0.01, SNL-T group, SNL-M group, SNL-T/M (1/1) group, SNL-T/M (3/1) group, SNL-T/M (1/3) group versus sham saline group, respectively; ^\#^*P* \< 0.05, SNL-T/M (1/1) group, SNL-T/M (3/1) group, SNL-T/M (1/3) group versus SNL-T group and SNL-M group, respectively; ^&^*P* \< 0.05, SNL-T/M (1/3) group versus other mixed drugs groups. Scale bars = 40 µm in a--h and 200 µm in a′-h′. AUC: area under curve; SNL: spinal nerve ligation.

Our previous studies have also showed that SNL rats exhibited GFAP up-regulation, which is significant on day 3 and reaches the peak on day 7 after SNL. In the present study, we also found the activated astrocytes, presenting as hypertrophied cell bodies and thickened processes with enhanced GFAP-immunoreactivity (IR) ([Figure 7(a) and (b)](#fig7-1744806917746564){ref-type="fig"}). Western blot analysis showed that the GFAP and p-STAT3 expression levels were significantly increased after SNL. However, treatment with T10 or MK-801 decreased the GFAP and p-STAT3 expression on POD 3 ([Figure 7(e) and (g)](#fig7-1744806917746564){ref-type="fig"}) and POD 7 ([Figure 7(f) and (h)](#fig7-1744806917746564){ref-type="fig"}), but not on POD 14 ([Figure 7(i) and (k)](#fig7-1744806917746564){ref-type="fig"}) and POD 21 ([Figure 7(j) and (l)](#fig7-1744806917746564){ref-type="fig"}), in comparison with the SNL saline group. The combined T10 and MK-801 treatment groups showed stronger reversal effects of the GFAP expression than T10 or MK-801 single treatment groups, except on POD 21 ([Figure 7(g)](#fig7-1744806917746564){ref-type="fig"}, (h) and (k), (l)). When the ratio of T10:MK-801 was 3:1, the expression levels of GFAP and p-STAT3 were inhibited maximally ([Figure 7(g)](#fig7-1744806917746564){ref-type="fig"}, (h), and (k)). Figure 7.Administration of T10, MK-801, or their combination on SNL-induced astrocytic activation and STAT3 phosphorylation. (a--d) Immunohistochemistry indicated that activated astrocytes presented as hypertrophied cell bodies and thickened processes with enhanced GFAP immunoreactivity (IR) and many of the p-STAT3-IRs was co-labeled with GFAP-IR. Western blot analysis showed that the GFAP and p-STAT3 expression levels were significantly decreased on days 3 (e and g) and 7 (f and h) but not on days 14 (i and k) and 21 (j and l), in all intervention groups compared with the SNL saline group. However, the combined treatment groups experienced better outcomes than the single treatment groups except on day 21 (g, h and k, l); When the ratio of T10 and MK-801 was 1/3, the expression levels of GFAP and p-STAT3 were significantly reduced (g, h, and k). ^\#\#^*P* \< 0.001, SNL saline group versus sham saline or normal group; \**P* \< 0.05, \*\**P* \< 0.01, medication groups versus SNL saline group, ^\#^*P* \< 0.05, mixed drugs administration groups versus single drug injection groups, ^&^*P* \< 0.05, SNL-T/M (1/3) group versus SNL-T/M (3/1) group and SNL-T/M (1/1) group, respectively. Scale bar = 120 µm in a, c and 40 µm in b, d. SNL: spinal nerve ligation; SDH: spinal dorsal horn; GFAP: glial fibrillary acidic protein.

Effect of i.t. T10, MK-801, or their combination on SNL-induced activation of NMDAR {#sec18-1744806917746564}
-----------------------------------------------------------------------------------

Activation of NMDARs, especially the activated subtype 2B of NMDAR (NR2B), is widely reported in rodents\' SDH in chronic pain condition, we thus wanted to check whether *i.t*. T10 and/or MK-801 affected the expression of phosphorylated NR2B (pNR2B). The expression of pNR2B in each group on POD 7 was detected by Western blot analysis ([Figure 8(a) and (b)](#fig8-1744806917746564){ref-type="fig"}). We observed a significant increase in pNR2B in the SDH of rat ipsilateral to the nerve ligation side (^\#\#^*P* \< 0.01). Furthermore, the increased pNR2B expression in SNL rats was markedly suppressed by treatment with T10, MK-801 (\**P* \< 0.05), or their combination (\*\**P* \< 0.01). When the ratio of T10:MK-801 was 1:3, the expression level of pNR2B was inhibited maximally (^&^*P* \< 0.05). Figure 8.Administration of T10, MK-801, or their combination on SNL-induced expression of pNR2B. SNL injury resulted in increased levels of pNR2B in the ipsilateral SDH seven days after nerve ligation. Administration of T10, MK-801, or their combination could prevent SNL-evoked pNR2B accumulation. Combination groups have better effects than single drug groups. ^\#\#^*P* \< 0.001, SNL saline group versus sham saline or normal group; \**P* \< 0.05, \*\**P* \< 0.01, medication groups versus SNL saline group, ^\#^*P* \< 0.05, mixed drugs administration groups versus single drug injection groups, ^&^*P* \< 0.05, SNL-T10/MK-801 (1/3) group versus other mixed drugs groups.

Discussion {#sec19-1744806917746564}
==========

To our knowledge, this is the first study that explores the synergistic analgesia of T10 and MK-801 in chronic NP rat. Our data demonstrate that *i.t*. co-administration of T10 and MK-801 in a fixed ratio of 1:3 is able to yield strongest synergistic analgesia effects in rats with SNL model by inhibiting neuroinflammation associated with microglial and astrocytic activation and down-regulating the phosphorylation of STAT3 and NR2B in the SDH.

Administration of T10 and MK-801 had synergistic analgesic effect but with weak side effects {#sec20-1744806917746564}
--------------------------------------------------------------------------------------------

The interest in exploiting traditional Chinese medicine for the prevention or treatment of chronic pain has been increased greatly.^[@bibr8-1744806917746564],[@bibr18-1744806917746564],[@bibr19-1744806917746564]^ T10 has an important role in modulating immune function both through and independent of the nervous system. It is reported that T10 can inhibit neurotoxic and proinflammatory cytokine, such as inducible nitric oxide synthase and cyclooxygenase-2 in microglia.^[@bibr10-1744806917746564],[@bibr20-1744806917746564]^ Furthermore, T10 also exerts protective effects on neurons suffering from inflammation-mediated damage.^[@bibr21-1744806917746564]^ A recent study has demonstrated that T10 suppresses the development of NP and T-cell activation.^[@bibr22-1744806917746564],[@bibr23-1744806917746564]^

NMDARs are involved in the development and regulation of chronic pain.^[@bibr24-1744806917746564],[@bibr25-1744806917746564]^ MK-801, also called dizocilpine, displays a wide array of biological properties, including anticonvulsant and anesthetic properties, due to its activity as a noncompetitive NMDAR antagonist. It is reported that *i.t*. injection of MK-801 can significantly block SNL-induced mechanical allodynia.^[@bibr26-1744806917746564],[@bibr27-1744806917746564]^

In our present study, we found that the alone administration of T10 or MK-801 can inhibit SNL-induced mechanical allodynia. Based upon previous studies and our present experimental data, the anti-nociceptive effect of T10 or MK-801 is dose dependent. However, high dose of T10 or MK-801 will induce accompanying toxic side effects. For example, T10 accumulates in the testis and liver will damage the normal functions of these organs. A large dose of MK-801 impairs locomotion.^[@bibr13-1744806917746564]^ Therefore, we checked whether *i.t*. co-administration of T10 and MK-801 can superimpose their anti-nociceptive effects and reduce the dosage of each drug. Our results clearly show that co-administration of low dose of MK-801 and T10 have strong synergistically analgesic effect on the chronic pain. We also found that combination of T10 and MK-801 at the ratio of 1:3 is more effective than the other combination ratios. Meanwhile, the normal locomotion, which is always reported to be damaged by application of high dose of MK801, is not affected in the present used dose.

Administration of T10 and MK-801 inhibited activation of glial cells and NR2B in the spinal cord {#sec21-1744806917746564}
------------------------------------------------------------------------------------------------

Our previous study indicated that *i.t*. T10 significantly attenuates mechanical allodynia, glial cell activation, and the JAK-STAT3 pathway in SNL animal.^[@bibr8-1744806917746564]^ In addition, spinal NMDAR activation induced by peripheral nerve injury can increase astrocytic JNK phosphorylation, which suggests that NMDAR antagonists may inhibit the activation of glial cells in chronic pain condition.^[@bibr28-1744806917746564]^ Consistent with the abovementioned observations, *i.t*. alone administration of T10, MK-801, or their combination significantly reduced the expression and activation of both microglia and astrocyte and the expression of phosphorylated STAT3. T10 might directly inhibit microglial and astrocytic activation and then indirectly inhibit neuronal activation.^[@bibr8-1744806917746564]^ In contrast, MK-801 might indirectly inhibit glial activation through the glutamate-cytokine pathway, which requires further exploration in the future works.

Modification of synaptic NMDAR expression will influence NMDAR-mediated synaptic function and associated physiological and pathological effects. Membrane NMDARs is dynamic, especially the NR2B subunit. NR2B binds to the membrane-associated guanylate kinases that regulate surface and synaptic NMDAR trafficking^[@bibr29-1744806917746564]^. It is reported that NR2B plays role in the transmission of nociceptive information and development of chronic pain.^[@bibr30-1744806917746564],[@bibr31-1744806917746564]^ The expression of NR2B in SDH increases 48 h after SNL in rats. This increase reaches its peak at 3 days, lasts for 14 days, and returns to pre-operational levels 28 days after SNL.^[@bibr32-1744806917746564]^ The activation of astrocytes leads to a consequent release of neuro-excitatory substances, including prostaglandins, IL-1, IL-6, and subsequently induces the phosphorylation of NR2B subunit in spinal neurons. In this study, Western blot analysis revealed that *i.t*. mixed drugs can inhibit the SNL-induced elevation of pNR2B expression more obviously than *i.t*. alone administration. Therefore, we speculate that the regulation of the expression of pNR2B after SNL by mixed drugs may be correlated with the inhibition of astrocytic activation and the antagonism of MK-801.

Based upon these previous studies and our experimental data, we hypothesize that the synergistic analgesic mechanisms of *i.t*. co-administration of T10 and MK-801 might include the following possibilities. (i) Both T10 and MK-801 may be able to inhibit glutamate release, which is otherwise induced by central sensitization to pain during the "initiative phase". (ii) T10 might directly inhibit astrocyte activation and interrupt the neuronal-astrocyte cross-talk during pain\'s "maintenance phase". (iii) MK-801 might indirectly inhibit microglial or astrocytic activation due to blockage of neuronal sensitization, thereby achieving synergistic analgesia by interrupting the neuron-glial cell cross-talk. However, the underlying mechanisms remain to be clarified.

Administration of T10 as an adjuvant could be a new analgesic strategy {#sec22-1744806917746564}
----------------------------------------------------------------------

Clinical cases have shown that drug combinations can provide better pain relief and minimize side effects compared with singly groups. However, most analgesic methods focus on neuronal participation during chronic pain progression. In consideration of the pivotal role of glial cells during the initiation and maintenance of chronic pain, the combination of a neuronal inhibitor and a glial inhibitor may represent a new strategy for a more effective treatment of chronic pain.

Our present results showed that the co-administration of T10 and MK-801 can enhance the synergistic analgesic effects on NP, compared with the single administration of either drug. The experimental ED~50~ (ED~50~comb) of the drug combination was lower than that of the theoretical ED~50~ (ED~50~add). Moreover, the present study showed that the combination of MK-801 with T10 could induce a long-term effect even at 7--14 days after drug injection, particularly in the group with MK801:T10 equals to 3:1. Although the lifetime of MK-801 is short (approximately three days), the sedative and analgesic properties of MK-801 might contribute to this long-lasting and accumulative analgesic effect. In contrast, the lifetime of T10 is long (approximately seven days). Therefore, a combination of T10 and MK-801 could compensate the short lifetime of MK-801. More importantly, in the combination groups, the dosages of ED~50comb~ of T10 and MK801 are all decreased but the analgesic effect are all potentiated, compared with the single application groups. Therefore, these combined groups reduce T10 and MK801 administration, indicating less potential neurotoxicity and a possible reduction in additional side effects.

Conclusions {#sec23-1744806917746564}
===========

These results demonstrate that the *i.t*. injection of the traditional Chinese medicine T10 and the neuronal activity inhibitor MK-801 can effectively reduce NP. Moreover, the combination of T10 and MK-801 results in synergistic effects on NP by inhibiting the neuroinflammation associated with microglial and astrocyte activation. Comparatively, T10 has a slow-acting but long-term effect, while MK-801 has a fast-acting and short-term effect in treating pain process. Therefore, when combined, these two drugs could treat various types of NP in which the spinal "glial activation" and "phosphorylation level of NMDAR-2B subunit" mechanism may be involved in. Our results thus provide a more potent medication strategy for the treatment of NP by combining a modern analgesic with traditional Chinese medicine.
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